Abstract Nowadays atmospheric pressure plasma jets (APPJs) are being widely applied to many fields and have received growing interests from cold plasma community. A helium APPJ with co-axial double ring electrode configuration is driven by an AC high voltage power with an adjustable frequency of 1-60 kHz. Experiments are conducted for acquiring the electrical and optical properties of APPJ, including the discharge mode, current peak's phase and APPJ's length, etc. Moreover, the actions of Penning effect on APPJ are discussed by adding impurity nitrogen into highly pure helium. The results may contribute to further research and applications of APPJs.
Introduction
Atmospheric pressure plasma jets (APPJs) are widely used in many areas, such as materials processing, biomedical applications, fabric treatment and so forth. The first APPJ with double ring electrodes was developed by TESCHKE et al. in 2005 [1] . As a typical source of electrically driven non-equilibrium low temperature plasmas, APPJs can be obtained in various ways and have attracted the interest of researchers from various fields for more than ten years [2−6] . Meantime, the discharge process and the mechanism underlying various phenomena have also been extensively investigated [7−10] . LU and LAROUSSI groups mainly researched the properties and biomedical applications of APPJs with single electrode configuration powered by a pulsed source [9, 11, 12] . KONG group focused on the mechanism and biomedical application of APPJs [2, 7, 13] . Moreover, NAIDIS and BOEUF devoted to the simulation of APPJs and dielectric barrier discharge (DBD) [14−18] . Their works established foundation for low temperature APPJ researches and provided motivation for further development. However, an in-depth investigation about the property of APPJs with ring type electrode is still needed.
In this paper, a series of experiments of helium APPJs are presented. The electrical and optical properties of helium APPJs are investigated in detail by adjusting some key parameters, such as the applied voltage amplitude, the flow rate of helium and the electrode width. The vital characteristics of APPJs are revealed, i.e., the discharge modes, the current peak's phase variation with voltage and flow rate, and the transformation of APPJ length. Moreover, the effects of nitrogen impurity on the property of helium APPJs are discussed via observing the APPJ length and ICCD images in axial direction with variation of nitrogen proportions. The results may contribute to further researches and applications of APPJs.
Experimental arrangement
The experimental setup is shown in Fig. 1 [19] . A helium APPJ is generated by a co-axial double ring electrodes configuration. A hollow quartz tube is employed as the barrier dielectric with inner and outer diameters of 0.2 cm and 0.4 cm, respectively. The active electrode (connected to HV, numbered as 2) and the ground electrode (numbered as 1) are two copper strips of different width wrapped around the tube. The distance between them is fixed at 2 cm. A high voltage source is employed to generate continuous sinusoidal excitation up to 20 kV with an adjustable frequency of 1-60 kHz. The distance from electrode 2 to the quartz tube nozzle is 1 cm. The flow rate of helium and nitrogen is controlled through two mass flow controllers (MFCs By changing the applied voltage, gas flow rate and electrode width, the electrical and optical characteristics of APPJs are investigated. As an example, while the configuration of quartz tube is fixed with 1 cm electrode width, the discharge modes under different applied voltages and flow rates of helium are summarized in Fig. 2 . Fig.2 Different discharge modes of helium APPJ depending on applied voltage and flow rate of helium. The modes are defined based on the discharge current waveforms (see right part of the figure). Mode 1: in the positive half-cycle of applied voltage, one positive current pulse with a small pre-discharge peak appears at rising part of the current with hardly any current pulse in the negative half-cycle. Mode 2: there is one large positive pulse without pre-discharge in the positive half-cycle and one small negative pulse in the other half-cycle. Mode 3: one symmetrical negative current pulse based on Mode 2 appears in the negative half-cycle. Mode 4: some "scraggly pulses" appear on both the falling of positive pulse and the rising of negative pulse. Mode 5: a second discharge occurs compared with the current waveform depicted in Mode 4
From Fig. 2 , five kinds of discharge modes in helium APPJ are clarified in our experiments. Mode 3 (7-13 kV) and Mode 4 (11-17 kV) predominate in the whole range of discharge-specifying parameters. Mode 5 only appears in a very small range (for applied voltage of 17-18 kV with flow rate of 2.5-3.5 slm, and for voltage of 15-18 kV with flow rate of 5.5-7.5 slm). Mode 2 and Mode 1 appear mainly in the range of 5-8.5 kV, and in previous reports, these two kinds of modes are often applied for recording spatial and temporal evolution of discharge process, due to the good stability and repeatability of discharge current waveforms [10,20−22] . The dependence of current pulse peak's phase on applied voltage and flow rate of helium is shown in Fig. 3 . It can be seen that the phase increases slightly as the gas flow rate grows under each applied voltage. However, the phase decreases remarkably with increasing applied voltage at each flow rate. Interestingly, we found that the phase shift exceeds 0.5π even at very low voltage. That is to say, the discharge occurs at the falling of the applied voltage. It is observed that as the voltage magnitude rises, the discharge could start before the voltage reaches its peak and even starts at the zero-crossing point. The reason is that the surface charges generated in the negative discharge on the quartz tube wall beneath the electrode is not enough to influence the positive discharge property, then the next discharge would occur only when the applied voltage reaches or exceeds its peak. However, when the amplitude of applied voltage rises, more surface charges are produced form a strong inverse electric field. Therefore, the discharge ignites earlier in the next half-circle. When we adjust, for instance augment the flow rate, it would make part of the surface charges lost and the inner electric field weakened. Therefore, the phase shift of the current peak would increase. Meanwhile, we found that the length of APPJ on both sides (the upstream of ground electrode and the downstream of active electrode) depends on the applied voltage, the flow rate and the electrode width. The APPJ images are captured by using a digital camera as shown in Fig. 4 . Here the electrode width is 1 cm, and the images with fixed flow rate of 3 slm and fixed applied voltage of 8 kV are shown in Fig. 4 (a) and (b), respectively. From Fig. 4 (a) , we can see that the length of APPJ at the upstream of ground electrode increases obviously with increasing applied voltage. However, the jet length at the downstream of active electrode does not change with the applied voltage. It can be found from Fig. 4 (b) that the jet length at the upstream is nearly constant till the flow rate rises up to 9 slm, and then the length keeps unchanged. However, the jet length at the downstream increases at the begining and then decreases with the flow rate. In order to expatiate the correlation between the jet length and the applied voltage as well as the flow rate, the corresponding lengths of APPJ are anlyzed with statistics, as shown in Fig. 5 . The jet length at downstream remains nearly constant when the applied voltage is higher than 8 kV. However, it varies dramatically when the applied voltage is below 8 kV (Fig. 5(a) ). Meanwhile, we can see that the jet length at upstream rises continuously (Fig. 5(b) and Fig. 4(b) ) with the increase of applied voltage. The jet length at downstream of active electrode with fixed applied voltage, for instance, 8 kV and 10 kV, increases first and then decreases (Fig. 5(c) and (d) ). The jet length at upstream of ground electrode, however, shows a particular increasing behavior (Fig. 5(c) ) and a gradual increase (Fig. 5 (d) ) in the cases of 8 kV and 10 kV, respectively. In view of the discharge modes shown in Fig. 2 , the discharge modes in Figs. 4 and 5 are mainly ascribed to Mode 1 and Mode 2. At the same time, the discharge is sometimes unstable when the applied voltage is below 8 kV. With the variation of flow rate, the discharge mode can be transfered from Mode 1 into Mode 2 and then go back to Mode 1. This may justify the dramatic variation of jet length. However, the jet length at upstream of the ground electrode increases continuously because it is mainly controlled by the "charge overflow" besides the discharge modes [22, 23] . The discharge mode remains Mode 3 in the whole flow rate range in the experiment when the applied voltage is higher than 8 kV (e.g. 10 kV). So the jet length at upstream just increases slightly. The correlation between electrode width and APPJ length is also investigated. The results are shown in Fig. 6 . We can see that the jet length at downstream of active electrode presents similar trend when the elec-trode width is 1 cm, 2 cm and 3 cm, respectively, no matter the applied voltage is 8 kV or 10 kV, as shown in Fig. 6(a) and (c) . Nevertheless, the jet length with 0.1 cm electrode width monotonically increases with the flow rate, and the values are less than those with other electrode widths. It is believed that this may relate to the discharge mode only. For the jet length at upstream of ground electrode, the evolution feature of jet length with adjusting flow rate is special and interesting. As discussed above, it should be dominated by the discharge mode together with the "charge overflow". 
Influence of impurity nitrogen on He APPJ
To reveal the Penning effect on APPJ, highly pure nitrogen is added into the carrier gas helium. Here, the flow rate of helium is fixed at 3 slm. The digital images are captured as shown in Fig. 7 . Fig. 7(a) shows the properties of He APPJ when the active electrode is placed at upstream, and Fig. 7(b) at downstream, respectively. From Fig. 7(a) , we can find that the length of APPJs increases obviously when small doses of nitrogen are mixed into helium. Afterwards, the jet length shortens when the flow rate of nitrogen ecxeeds a certain value (i.e., 2.0 sccm). Similar phenomena can also be found in Fig. 8(a) . As pointed out in some works, Penning effect is important [24, 25] . In this work, it is believed that the Penning effect plays a key role in APPJ at low flow rate of nitrogen, where Penning reaction occurred between the excited metastable atomic He (and/or excimer He * 2 ) and the molecule N 2 . Detailed reaction analysis is displayed as follows. At very low impurity levels most electrons are produced through the electron induced ionization of He and the Penning ionization of N 2 by He * 2 . While at a certain value of impurity nitrogen, the Penning ionization of N 2 by He * 2 becomes the most important reaction to produce electrons. Further increasing nitrogen makes Penning ionization of N 2 by He * m to be the most important ionization reaction. As a result, the length of APPJs, especially upstream APPJ, increases sustainably. However, with increasing dose of nitrogen, N + 4 becomes the most important positive species in the discharge. Therefore, the electrons are quickly lost because of fast recombination of the electrons with N + 4 , and the He * m is quenched by N 2 via the energy exchange reaction. These quenching effects of nitrogen on the discharge play a vital role. Consequently, the jet length decreases with further increase of impurity nitrogen. The case when the active electrode is placed at downstream is shown in Figs. 7(b) and 8(b) . We find similar phenomena as the cases shown in Figs. 7(a) and 8(a), and they are believed to share the same mechanism as above.
In addition, ICCD images in the axial direction with different concentrations of impurity nitrogen are captured by using the ICCD with a Canon macro lens (Fig. 1) , and they are shown in Fig. 9 . The images in the first column are the quartz tube nozzle (i.e., the ICCD is focused on 0 mm) when the plasma is turned off. The images in the second to fourth columns are taken with ICCD focused on 0 mm, 10 mm and 22 mm from the nozzle, respectively, when the plasma is turned on. The influence of light from other parts of APPJ on the results can be ignored due to the use of the same macro lens, the same exposure time and careful adjustment of focus.
The APPJ with pure helium observed in the axial direction is shown in Fig. 9 , in which the APPJ has a "ring" shape at the nozzle and keeps constant for a long distance, and finally transits into a small solid disc in shape. The APPJ is always a solid disc in shape and the luminance is very strong when a little nitrogen (i.e., 1 sccm) is added into pure helium. With increasing flow rate of nitrogen (i.e., 20 sccm), the shape of APPJ still remains a solid disc but the intensity of light emission weakens obviously. In the case of pure helium, the shape of APPJ is a "ring" because massive reactions (such as excitation, ionization, recombination and attachment) occur at the interface between the helium flow and the quartz tube wall. It then propagates ahead with unchanged shape. On one hand, a small dose of air inevitably diffuses into the tube. On the other hand, according to the Reynolds number of liquids, R e = v × ρ × d/µ, the helium gas flow in the experiment is laminar. The velocity at axial of APPJ is faster than that at interface between the helium flow and the tube wall. As a consequence, at the interface, the probability of the Penning reaction of helium with air is very high. However, Penning effect zone which occurred at the interface as aforementioned now fills the whole APPJ space when a little of nitrogen is mixed into the helium. Therefore, the shape of APPJ is always a solid disc. With increase of the impurity nitrogen, the shape of APPJ does not transfer but the emitted light intensity weakens due to the nitrogen quenching effects. This is in good agreement with the results of Fig. 8 .
Conclusions
In this paper, the evolution of electrical and optical properties of helium APPJ are investigated in detail by adjusting key parameters, such as the amplitude of applied voltage, the flow rate of helium and the electrode width. It is concluded that, five kinds of discharge modes present in the helium APPJ when the applied voltage and the gas flow rate are altered. The current peak's phase shift decreases gradually with increase of applied voltage, and it rises slightly with increasing flow rate. It is observed that the APPJ length at both sides of electrodes depends strongly on the applied voltage, gas flow rate and electrode width. Moreover, the effects of impurity nitrogen on the properties of helium APPJ are analyzed through optical image observations. It could be found that Penning effect plays a key role in helium APPJ when a small dose of nitrogen is introduced. However, the quenching effect of nitrogen on the discharge mainly influences the characteristics of helium APPJ when the nitrogen proportion is larger than a certain value (e.g., in this study it is around 8 sccm).
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